To evaluate whether luminance contrast discrimination losses in amblyopia on putative magnocellular (MC) and parvocellular (PC) pathway tasks reflect deficits at retinogeniculate or cortical sites. Fifteen amblyopes including six anisometropes, seven strabismics, two mixed and 12 age-matched controls were investigated. Contrast discrimination was measured using established psychophysical procedures that differentiate MC and PC processing. Data were described with a model of the contrast response of primate retinal ganglion cells. All amblyopes and controls displayed the same contrast signatures on the MC and PC tasks, with three strabismics having reduced sensitivity. Amblyopic PC contrast gain was similar to electrophysiological estimates from visually normal, non-human primates. Sensitivity losses evident in a subset of the amblyopes reflect cortical summation deficits, with no change in retinogeniculate contrast responses. The data do not support the proposal that amblyopic contrast sensitivity losses on MC and PC tasks reflect retinogeniculate deficits, but rather are due to anomalous post-retinogeniculate cortical processing of retinal signals.
Introduction
Anomalous binocular visual input early in life, commonly due to form deprivation, anisometropia (unequal refractive errors in the two eyes) or strabismus (eye misalignment) can result in amblyopia. Although there is no overt pathology in persons with amblyopia, visual acuity is reduced in one or both eyes and cannot be improved by refractive correction. The primary site for visual processing deficits in amblyopia is believed to be the visual cortex (Levi, 2006) , but there is conflicting evidence regarding the presence and selectivity of magnocellular (MC) and parvocellular (PC) pathway dysfunction. There have been reports of either selective reductions in sensitivity on putative PC pathway tasks Davis et al., 2006; Demirci et al., 2002; Johansson & Jakobsson, 2006; Lee et al., 2001; Levi & Harwerth, 1977; Miki, Siegfried, Liu, Modestino, & Liu, 2008; Mizoguchi, Suzuki, Kiyosawa, Mochizuki, & Ishii, 2005; Shan, Moster, Roemer, & Siegfried, 2000) or similar levels of loss in sensitivity on putative MC and PC tasks (Bradley, Dahlman, Switkes, & De Valois, 1986) . These studies purport to bias detection to the MC or PC pathway by using stimuli with different spatio-temporal, chromatic and/or achromatic characteristics. In this framework, high spatial frequency (low temporal frequency) losses are inferred to represent PC pathway deficits and lower spatial frequency (higher temporal frequency) losses are inferred to represent MC pathway deficits. Higher-order mechanisms however, are also tuned to spatial frequency and orientation. Psychophysical responses to spatiallytuned stimuli therefore cannot be interpreted in terms of the center-surround receptive fields properties of retinal ganglion cells (Leonova, Pokorny, & Smith, 2003a , 2003b .
The aim of this study was to differentiate between MC and PC contrast processing in persons with amblyopia using established steady-pedestal and pulsed-pedestal psychophysical paradigms (Pokorny & Smith, 1997 ) that have been extensively used to differentiate MC and PC pathways based on the characteristic slope of their contrast discrimination functions (Cao, Zele, Smith, & Pokorny, 2008; Kachinsky, Smith, & Pokorny, 2003; Pokorny & Smith, 1997; Pokorny, Sun, & Smith, 2003; Smith, Sun, & Pokorny, 2001; Zele, Smith, & Pokorny, 2006) . When spatial contrast sensitivity is studied with spatially-tuned stimuli using the pedestal paradigm, the data define the envelope of MC and PC inputs to spatial and orientation selective mechanisms and not single cell MC and PC data (Leonova et al., 2003a (Leonova et al., , 2003b . Using this modified pedestal paradigm in anisometropic amblyopes, Zele, Pokorny, Lee, and Ireland (2007) demonstrated that MC-and PCinputs to the spatial contrast sensitivity function were similarly affected. The amblyopic deficit was inferred to reflect anomalous processing of MC and PC signals at a higher-order cortical site and involved orientation and spatial frequency selective cells (Zele et al., 2007) . However, it was not established whether retinal MC and PC pathway processing was also altered. This study determines whether reports of anomalous cortical processing of MC and PC signals also reflect abnormal retinogeniculate processing in amblyopia by determining putative MC and PC pathway luminance contrast discrimination and comparing this with typical values from physiology to determine if they follow the contrast signatures of the retinogeniculate pathways.
Methods

Participants
The sample consisted of 27 participants: 15 participants with amblyopia (mean age = 25.3 ± 13.3 years) from different presumed causes (anisometropia n = 6, strabismus n = 7, mixed n = 2; Table 1 ) and 12 individually age-matched control participants (mean age = 24.8 ± 12.9 years). Patients were recruited from the Queensland University of Technology (QUT) Optometry Clinic and a pediatric optometrist. All patients were co-managed by an ophthalmologist. The study was conducted in accordance with the requirements of the QUT Human Research Ethics Committee and the guidelines of the Declaration of Helsinki. All participants provided written informed consent including both parent and child if the participant was <18 years of age.
Participants underwent an eye examination prior to involvement in the study and none had any known neurological or ocular disorder (other than refractive error or their amblyogenic condition confirmed by an ophthalmologist). Amblyopic patients had more than two lines difference in visual acuity between eyes and the anisometropic patients had more than 1.00 D difference in refractive error between eyes (Attebo et al., 1998) . This sample of patients with mild amblyopia is representative of Australian adults with amblyopia, where 63% had visual acuity better than 6/24 in the amblyopic eye (Attebo et al., 1998) . Visual acuity was measured with the patient's best optical correction using a high contrast logMAR chart. Ocular axial length was measured using Ascan ultrasonography (Quantel Medical, France) and was not significantly different between the amblyopic and non-amblyopic eyes (t 10 = À1.425; p = 0.184), indicating that axial elongation does not explain the between eye differences in visual acuity. Gross binocular vision was evaluated by cover test at distance and near and stereopsis with the TNO-stereoacuity test. Fixation eccentricity was less than 0.5°from the fovea as evaluated with ophthalmoscopy. None of the participants exhibited nystagmus. Fundus examination revealed no ocular pathology. Control participants had visual acuity equal to or better than 6/6, normal stereoacuity and no evidence of ocular pathology.
Apparatus
Custom-programmed, computer-generated stimuli (Dell Precision 690) were presented on a calibrated Viewsonic G810-CRT monitor using a 14-bit video board (ViSaGe, Cambridge Research Systems, UK). The voltage-luminance relationship was measured using a colorCAL photometer (Cambridge Research Systems, UK) and a linearized lookup table controlled stimulus luminance. Phosphor chromaticities were measured using a spectroradiometer (EPP2000C model II, StellarNet, USA). A 160 Hz frame rate ensured artefacts generated by the CRT raster scan would not be resolvable by the mechanisms mediating detection (Zele & Vingrys, 2005) .
Signatures of MC and PC pathway contrast discrimination
The rationale for psychophysical separation of MC and PC pathway function was developed by Pokorny and Smith (1997) to characterize mediation of luminance contrast discrimination by the MC and PC pathways through differentiation of the characteristic slopes of their contrast discrimination functions. Assignment of MC or PC mediation in the steady-and pulsed-pedestal paradigms (Pokorny & Smith, 1997) are based upon electrophysiological measurements of contrast gain in primate retina (Kaplan & Shapley, 1986; Lee, Pokorny, Smith, Martin, & Valberg, 1990) , differences in temporal (Pokorny & Smith, 1997) and spatial (Smith et al., 2001 ) summation for the two paradigms, luminance contrast discrimination and identification (Kachinsky et al., 2003) and the stimulus spatial-and-temporal contrast (Cao et al., 2008; Zele, Smith, et al., 2006) . The rationale for this approach is described below and details of the steady-and pulsed-pedestal paradigms are given in Section 2.3.1.
At the level of the retina and lateral geniculate nucleus, the MC and PC pathways exhibit different contrast response properties. The contrast response can be described with a saturation function showing the ganglion cell response rate (R) in impulses per second as a function of stimulus contrast,
where R max is the maximal response rate, C sat is the contrast at which the response reaches half maximum, R 0 is the resting response and C is the Michelson contrast of the stimulus. To describe how rapidly a response changes with changes in contrast, electrophysiological studies often estimate the initial slope (R max /C sat ) of the contrast response function, which is termed contrast gain (Fig. 1A) . The MC pathway has high contrast gain and saturates at relatively low levels of contrast, whereas the PC pathway has lower contrast gain and a more linear contrast response (Kaplan, Lee, & Shapley, 1990; Kaplan & Shapley, 1986; Lee, 1996; Lee et al., 1990; Merigan & Maunsell, 1993) . A criterion difference in two contrast responses (Frishman, Freeman, Troy, Schweitzer-Tong, & Enroth-Cugell, 1987; Lee, Martin, & Valberg, 1989) defines the contrast discrimination threshold (DC), as derived from Eq. (1), where
and d is the criterion increase in firing rate (Pokorny & Smith, 1997; . Fig. 1B shows the predicted MC and PC cell achromatic contrast discrimination signatures as a function of Michelson contrast (Eq. (2)). The absolute threshold of MC cells is lower than PC cells and contrast discrimination rapidly deteriorates with increasing contrast and approaches saturation (Kaplan & Shapley, 1986; Lee et al., 1990) . PC cells are insensitive at MC cell threshold and there is little change in PC cell contrast discrimination with increasing contrast (Kaplan & Shapley, 1986; Lee et al., 1990) . Because the response characteristics of MC and PC pathway cells are similar for both spatio-temporal modulations and pulses from steady backgrounds (defined in Weber contrast) (Lee, Pokorny, Smith, & Kremers, 1994) , the response properties of cells to spatio-temporal modulations ( Fig. 1A and B) predicts V-shaped MC and PC pathway cell contrast discrimination functions to pulsed increments or decrements as a function of pulse retinal illuminance (Fig. 1C , Lee et al., 1994; Pokorny & Smith, 1997) . The abscissa in Fig. 1C represents the product of the contrast multiplied by retinal illuminance and normalized to the background to reflect the properties of the adapting background. The ordinate is arbitrarily normalized to a contrast threshold of 1 Td and reflects sensitivity to the spatio-temporal properties of the test pulse. This framework, developed by Pokorny and Smith, demonstrates that MC and PC pathways can be differentiated based on the slopes of their contrast discrimination functions. The psychophysical assessment of luminance contrast discrimination using the steady-and pulsed-pedestal paradigms can then be compared with typical values from physiology to determine if they follow the contrast gain signatures of the MC and PC pathways (Pokorny & Smith, 1997) .
Psychophysical steady-and pulsed-pedestal paradigms
Two stimulus paradigms were used to test luminance contrast discrimination: a steady-pedestal paradigm favoring the MC pathway, and a pulsed-pedestal paradigm favoring the PC pathway (Pokorny & Smith, 1997) . The stimulus array, four 0.5°square pedestals with small (1 0 arc) separations, was identical in both paradigms and differed only during the inter-stimulus adaptation time ( Fig. 2A) . The observer adapted to a uniform (surround) field between trials. On each test presentation, one square was randomly designated the test stimulus and was incremented (31.25 ms pulse) relative to the other three. The observer had to discriminate which test square was different (4-alternative choice). The test square position varied from trial to trial. There were five pedestal contrasts for each paradigm, two higher and two lower than the surround illuminance (zero pedestal contrast condition). For the zero pedestal contrast condition, a single test square is presented randomly in one of the four array positions during the trial such that the pulsed paradigm replicates the steady paradigm. The mean adaptation level of the surround field (32 cd m À2 ) was equal to 2.39 log effective Trolands. Any variation in performance that arises because of changes in retinal illumination due to senile miosis or lenticular changes would have little effect on the contrast metric because performance would remain on the Weber slope (Zele, O'Loughlin, Guymer, & Vingrys, 2006) . The paradigm has successfully characterized retinogeniculate processing in glaucoma (Sampson, Badcock, Walland, & McKendrick, 2008; Sun, Swanson, Arvidson, & Dul, 2008) , retinitis pigmentosa (Alexander, Barnes, Fishman, Pokorny, & Smith, 2004 ) and Leber's hereditary optic neuropathy (Gualtieri et al., 2008) .
While the single cell data can be uniquely defined by the parameters in Eq. (1), psychophysical thresholds involve higher order processes that combine inputs from arrays of retinal cells (Pokorny & Smith, 1997; Zele, Smith, et al., 2006) . Therefore the psychophysical contrast discrimination data is modeled based on Eq. (2) with a vertical scaling parameter (K p ) incorporated to account for the absolute sensitivity differences between the psychophysical and single cell data (Pokorny & Smith, 1997; 
and I s is the surround illuminance and k incorporates (d/R max ). This means that shapes of the contrast discrimination functions and not the absolute sensitivity is considered when comparing single cell data with human psychophysical data (Pokorny & Smith, 1997; Smith et al., 2001; Zele, Smith, et al., 2006) . The relationship between contrast discrimination threshold and pedestal retinal illuminance for the steady-pedestal paradigm is shown for a single control observer (Fig. 2B) . Thresholds increase monotonically with pedestal illuminance and are described by logðDIÞ ¼ logðK m I s Þ þ logðIÞ ð 4Þ where I s is the surround illuminance, I is the test illuminance and K m is a vertical scaling parameter. With briefly pulsed stimuli, discrimination is inferred to be mediated by the MC pathway (Kachinsky et al., 2003; Pokorny & Smith, 1997) . The steady-pedestal data show adaptation to the pedestal and the slope of the model fit is equal to one (dashed line), consistent with physiological evidence that primate MC but not PC cells demonstrate Weberian behavior (Smith, Pokorny, Lee, & Dacey, 2008) . The pulsed-pedestal data form a V-shape saturation function (Fig. 2B) . The spatio-temporal pedestal contrast change saturates the MC pathway, thus discrimination is inferred to be mediated by the PC pathway (Pokorny & Smith, 1997) . The V-shape is a characteristic signature of PC pathway contrast gain (Pokorny & Smith, 1997) and is defined by Eq. (3). Parameter k in Eq. (3) was zero because there was no evidence of saturation in the data . When pedestal contrast is zero (arrow, Fig. 2B ), the data point from the pulsed-pedestal paradigm is a replication of the steady-pedestal paradigm and the MC pathway mediates contrast discrimination in both paradigms because MC sensitivity is higher than PC sensitivity (see Fig. 1B ). The contrast discrimination data for the control and amblyopic patients (10 conditions: five pedestal contrasts Â two paradigms) were modeled according to Eqs. (3) and (4) with two free parameters (K p , C sat ) for the PC data and a free scaling parameter (K m ) for the MC data. The percent contrast gain ((R max /C sat )/100) was derived from the PC data, with R max and C sat determined from the best-fitting solution to Eq. (3) (Pokorny & Smith, 1997; . The percent contrast gain was compared with electrophysiological data from PC pathway cells in primates (Kaplan & Shapley, 1986) . Equations were fit to the data by minimizing the sum-of-square differences between the data and the free parameters.
Theoretical prediction of MC and PC mediated contrast discrimination in amblyopia
Four changes in the shape of putative MC and PC contrast discrimination as a result of amblyopia can be theoretically predicted based upon the luminance contrast discrimination model. If amblyopia causes a generalized reduction in contrast sensitivity to MC and PC mediated stimuli, both contrast discrimination functions will shift vertically without changing shape (K p and K m in Eqs. (3) and (4); Fig. 2C ). If amblyopia selectively reduces contrast sensitivity to MC mediated stimuli (K m in Eq. (4); Fig. 2D ), the steadyand pulsed-pedestal data measured at the surround illuminance (arrow) will shift vertically; at other pedestal contrasts, thresholds will be mediated via the PC pathway in both paradigms because it is more sensitive than the MC pathway. If amblyopia selectively reduces contrast sensitivity to stimuli mediated via the PC pathway (K p in Eq. (3); Fig. 2E ), the pulsed-pedestal data shift vertically. The sensitivity losses in each of these examples would reflect changes in cortical summation because it is sensitivity and not the shape of the contrast discrimination function that is set by cortical summation (see Fig. 1 ) (Pokorny & Smith, 1997; Smith et al., 2001; Zele, Smith, et al., 2006) . A retinal deficit would reduce ganglion cell firing rates per pedestal contrast step and result in fewer ganglion cell spikes for a normally threshold stimulus; contrast gain would decrease and the V-shape of the PC data will flatten (C sat in Eq. (3); Fig. 2F ).
Procedure
The amblyopic eye was tested in the patient group and a randomly chosen eye in the controls. Stimuli were viewed monocu- larly from 1 m with natural pupils through the best optical correction (non-tested eye occluded). The observer first adapted for 2 min to the surround illuminance, followed by 30 s adaptation preceding each test condition. Thresholds were estimated with a double-random alternating staircase with a three-yes-one-no decision rule (Zele et al., 2007) . The average delta test illuminance of the last six reversals of each of the two staircase estimates (±SD) was defined as threshold. Ten test conditions (five pedestal contrasts Â two paradigms) were presented in randomised order. Fig. 3 shows the contrast discrimination functions for the patients with amblyopia plotted in the same format as the control data in Fig. 2B . The contrast discrimination data for the amblyopes show similar contrast signatures for the steady-and pulsed-pedestal paradigms when compared to the confidence range (mean + 1.96SD) of the control group; the steady-pedestal data has a slope of one (dashed lines) and the pulsed-pedestal data has a V-shape (solid lines). The steady-and pulsed-pedestal contrast discrimination functions for all six anisometropic amblyopes and the two mixed amblyopes were within the control limits. For the strabismic amblyopes, the pulsed-pedestal data were outside the control limits in 2/7 patients (patients 14S, 15S), and the steady-pedestal data were outside the control limits in 3/7 (patients 13S, 14S, 15S). Of these three strabismic amblyopes, two had reduced sensitivity on both paradigms (14S, 15S) and one (13S) had reduced sensitivity only on the steady-pedestal paradigm. In each case, the sensitivity loss was not accompanied by a change in the characteristic signature of the contrast discrimination function.
Results
To directly compare the amblyope and control group data for the purpose of evaluating the four theoretical amblyopia-induced deficits shown in Fig. 2C -F, the model parameters (Eqs. (3) and (4)) were analyzed (see Fig. 4 ). The horizontal lines in each panel indicate the group median values. Panel A in Fig. 4 shows the semi-saturation contrast (C sat ) of the amblyopic (square symbols) and control (circular symbols) participants derived from the model fit (Eq. (2)). The C sat value for the amblyopes (median = 0.78; range: 0.40-0.99) and controls (median = 0.75; range: 0.51-0.97) are within the normal range derived from other studies using comparable protocols (Pokorny & Smith, 1997; Pokorny et al., 2003; Sun et al., 2008) , and are not significantly different from one another (Mann-Whitney U; p = 0.61). Panel B in Fig. 4 shows the MC pathway sensitivity for the amblyopes (median = À2.32; range: À2.52 to À1.35) and controls (median = À2.43; range: À2.63 to À2.22). Again there were no significant between group differences (Mann-Whitney U; p = 0.42), with the lowest sensitivity being for two of the strabismic observers (14S, 15S). Panel C in Fig. 4 shows the PC pathway sensitivity for the amblyopic (median = 0.93; range: 0.79-1.46) and controls (median = 0.90; range: 0.65-1.05). There were no significant between group differences (Mann-Whitney U; p = 0.15) and again the lowest sensitivity value represents a strabismic patient (14S). Panel D in Fig. 4 shows the percent contrast gain for the amblyopic and control participants. The median contrast gain was 0.29 for the amblyopes (range: 0.22-0.56) and 0.30 for the controls (range: 0.23-0.41), with no significant between group differences (Mann-Whitney U; p = 0.76). While there is greater variation in the amblyopic data, it is within the range of electrophysiological estimates of contrast gain in PC cells in primates which vary between zero and one (Kaplan & Shapley, 1986) . The two highest contrast gain values are for patients 1A and 14S, who have the corresponding two lowest semisaturation (C sat ) values. Contrast gain and C sat are correlated (r 2 = 0.9397, p < 0.0001) as is demonstrated in Fig. 2 where a lower semi-saturation value is associated with a higher contrast gain value (c.f. V-shapes of the PC contrast discrimination functions in Fig. 2B (low C sat ) and Fig. 2F (high C sat ) ). Results of Spearman correlations indicate there was not a significant association between the LogMAR value of the amblyopic eye and contrast sensitivity (K MC , K PC ), semi-saturation (C sat ) or contrast gain of the amblyopic eye. A Pearson correlation found no association between K MC and K PC .
Discussion
Using a well established paradigm that preferentially stimulates MC or PC pathways (Pokorny & Smith, 1997) , this study demonstrates that: (1) the sample of patients with amblyopia have normal luminance contrast discrimination for stimuli mediated via inferred MC and PC pathways; (2) luminance contrast gain in the amblyopes is within the range of electrophysiological estimates of primate PC retinogeniculate pathway cells and; (3) sensitivity reduction in the amblyopes reflects changes in cortical summation.
For the 15 amblyopes tested, 25/30 test conditions were within the range of the control group on both the steady and pulsed MC and PC tasks. Analysis of the model parameters between the amblyope and control groups showed no significant differences. In terms of the proposed framework for interpreting the luminance contrast discrimination data ( Fig. 2C-F) , the sensitivity reduction in three strabismic patients (5/30 test conditions) can be summarized as a selective reduction in sensitivity on the MC test (patient 13S; Fig. 2D ), a generalized reduction in sensitivity on the MC and PC tests (patient 14S; Fig. 2C ) and a generalized reduction in sensitivity on the MC and PC tests with larger losses on the MC test (patient 15S; Fig. 2C ). We infer that anomalous cortical summation of the MC and PC input signals produces the observed sensitivity losses because there is no change in the shape of the contrast response functions; the semi-saturation constant and contrast gain values of all amblyopes were within the normal range ( Fig. 4A  and D) .
The sensitivity losses in the three strabismic patients do not seem to be driven by either visual acuity or stereoacuity, as they were not dissimilar to other amblyopes in these functions (Table 1) . There is evidence of amblyopic deficits at the level of the lateral geniculate nucleus (LGN) in small samples of patients Miki et al., 2008) and in non-human primate anatomical studies (Hendrickson et al., 1987) . Hess, Thompson, Gole, and Mullen (2009) recently observed deficits in the LGN using functional MRI in five of six amblyopic patients, however the degree of amblyopia in their sample was severe and not representative of amblyopia in the general population (Attebo et al., 1998) .
The findings of the current study should be considered in light of the fact that the amblyopic patients had relatively mild amblyopia and future studies should evaluate retinogeniculate processing in moderate and severe amblyopes. To further understand high spatial frequency losses often attributed to deficits in PC pathway processing, a range of stimulus array sizes would also need to be included in the experimental paradigm (e.g. Smith et al., 2001) . The discrepancy between this study and previous reports of sensitivity losses on putative MC and PC tasks using combinations of different spatio-temporal parameters (Bradley et al., 1986; Choi et al., 2001; Davis et al., 2006; Demirci et al., 2002; Johansson & Jakobsson, 2006; Lee et al., 2001; Levi & Harwerth, 1977; Miki et al., 2008; Mizoguchi et al., 2005; Shan et al., 2000) may be because their experimental paradigms mitigate against the precise analysis of the relative contributions of the MC and PC pathways to detection (Leonova et al., 2003b) . In this study, MC and PC processing was studied using a paradigm that uses the same stimuli to separate the pathways based on their contrast gain and adaptation ). Unfilled squares show the steady-pedestal data (average ± SD) and the dashed lines are the best-fitting solution to Eq. (4). The filled squares show the pulsed-pedestal data (average ± SD) and the solid lines are the best-fitting solution to Eq. (3). In all panels, the upper and lower boundaries of the confidence range (mean + 1.96SD) of the control group (n = 12) are indicated by thick grey lines for the steady-pedestal condition, and thin grey lines for the pulsed-pedestal condition.
characteristics (Pokorny & Smith, 1997; . This is important as the relative weightings of the two pathways alter with adaptation level, spatio-temporal and spectral characteristics of the stimuli . We demonstrate that the contrast gain signatures of the amblyopic patients are similar to those from (non-amblyopic) primate retinogeniculate recordings. Zele et al. (2007) argued that steady-and pulsed-pedestal thresholds measured with spatially tuned test stimuli of different frequencies represented the envelope of MC and PC inputs to orientation and spatial frequency selective cortical cells, therefore the observed amblyopic MC and PC deficits in that study were due to anomalous cortical processing of MC and PC signals. Taken together, we interpret the steady-and pulsed-pedestal data to indicate that MC and PC retinogeniculate processing is normal in amblyopia and contrast sensitivity losses observed with spatially-tuned stimuli mediated via MC and PC pathways reflect anomalous processing of MC and PC signals at cortical sites.
